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A saccade trajectory often curves away from the location of a non-target stimulus that appears before saccade execution. Spatial inhi-
bition may prevent the saccade from moving toward the non-target stimulus. However, little is known about how simultaneous inhibi-
tion for multiple locations aﬀects saccade trajectories. In this study, we examined the eﬀects from two inhibited locations on saccade
trajectories. The results show that the saccade trajectories depend on the inhibited locations, and the eﬀect of inhibiting two locations
on the trajectory was a summation of the eﬀect of inhibiting each location. A simulation study using the initial interference model also
suggests that the eﬀect of each inhibition was summed up to modulate the initial saccade direction.
 2007 Elsevier Ltd. All rights reserved.
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When we are exploring complex visual scenes in daily
life, several objects may simultaneously draw our attention.
We repeatedly select one of these objects and make saccad-
ic eye movements to it. Previous studies showed that this
target selection process is reﬂected in the curvature of the
saccade trajectories. McPeek, Han, and Keller (2003) stud-
ied the relationship between saccade trajectory and neural
responses in the superior colliculus (SC) in monkeys. They
simultaneously presented one saccade target and three dis-
tractors at four corners of an imaginary square. Their
results showed that the curvature of the saccade trajectory
correlated with the activity of neurons coding saccades to
the distractor locations. The more the saccade trajectory
curved toward a distractor at an orthogonal direction to
the target, the more activity of neurons corresponding to
the distractor increased. Moreover, they demonstrated that
sub-threshold stimulation to the SC produced a curved sac-
cade trajectory towards the location corresponding to the0042-6989/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2007.02.009
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E-mail address: h-sogo@aist.go.jp (H. Sogo).stimulated site. This eﬀect was larger for a higher stimula-
tion frequency. Aizawa and Wurtz (1998) demonstrated
that injection of muscimol (GABA agonist) to the SC pro-
duced curved saccade trajectories and shifts of saccade end-
points away from the location corresponding to the
injection site. Recently, McPeek (2006) found that neural
responses in monkeys’ frontal eye ﬁeld (FEF) correlate
with saccade trajectories in a similar way to neural
responses in the SC. Because the SC and FEF are consid-
ered to play important roles in saccade target selection
(Schall, 1995; Schall & Thompson, 1999), these results sug-
gest that curved saccades arise from competition between
saccade motor commands to the target and to the distrac-
tor within the neural network for target selection (McPeek,
2006; McPeek et al., 2003).
Similar curved saccades have been reported in human
participants. Sheliga and his colleagues showed that the
saccade trajectory curved away from a location where par-
ticipants attended but was not the goal of the saccade (She-
liga, Craighero, Riggio, & Rizzolatti, 1997; Sheliga, Riggio,
& Rizzolatti, 1994, 1995). In a typical procedure (Sheliga,
Riggio, & Rizzolatti, 1995), the participant was required
to make a vertical saccade to a target located above or
below a ﬁxation point. The direction of the saccade was
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located at each of the four diagonal directions. The partic-
ipant directed his/her attention to the peripheral cue with-
out eye movement, and made a saccade to the indicated
target. Under this condition, the saccade trajectory curved
away from the cued box. A similar curved trajectory was
observed when the cue was presented at the ﬁxation point
or the saccade target and a task-irrelevant distractor was
presented in one of the peripheral boxes (Doyle & Walker,
2001). An auditory and a tactile distractor also made the
saccade trajectory curve away from the distractor location
(Doyle & Walker, 2002). These ﬁndings indicate that the
eﬀect of spatial inhibition on saccade trajectory is neither
a task-speciﬁc nor a modality-speciﬁc phenomenon.
Our primary interest in this study is how the saccade tra-
jectory is aﬀected when there are multiple locations where
we have to inhibit making a saccade. Such situations would
occur when we are searching for a certain object in daily
life, because previously ﬁxated locations are inhibited to
prevent returning saccades during visual search (cf. Peter-
son, Kramer, Wang, Irwin, & McCarley, 2001). Recently,
we examined the curvature of the saccade trajectory during
a visual search task (Sogo & Takeda, 2006). The results
showed that the saccade trajectory tended to curve away
from the side where there were more previously ﬁxated
locations, suggesting that the inhibition of returning sac-
cades to previous ﬁxations inﬂuenced the saccade trajec-
tory. To investigate how strongly each previous ﬁxation
aﬀected the saccade trajectory, we performed a regression
analysis using the assumption that the total eﬀect of the
previous ﬁxations on the trajectory curvature was a
weighted sum of eﬀects from each previous ﬁxation. The
result of the analysis suggested that the saccade trajectories
were aﬀected by at least three previous ﬁxations (Sogo &
Takeda, 2006).
A limitation of the analysis by Sogo and Takeda (2006)
was that only linear components of the inhibitory eﬀects
from multiple previous ﬁxations could be detected because
of the assumption of weighted summation. However, it is
possible that there were certain nonlinear interactions
between the inhibitory eﬀects from each previous ﬁxation.
To explore such possibilities, multiple locations potentially
involving spatial inhibition should be systematically con-
trolled by experimental design. McSorley, Haggard, and
Walker (2004); Experiment 2 measured trajectories of
upward saccades when two task-irrelevant stimuli were
ﬂashed. One stimulus was presented at the left side of the
trajectory and the other was presented at the right side at
the same height. The horizontal distances between the tra-
jectory and each stimulus were manipulated. Their results
showed that the saccade trajectories were rather straight
regardless of the horizontal positions of the two stimuli,
suggesting that the eﬀect of inhibition to the left-side stim-
uli could be balanced with that to the right-side stimuli.
Although the results of McSorley et al. (2004) provide
important information about the eﬀect of inhibiting multi-
ple locations on saccade trajectory, there are several issuesto be examined. In their experiment, the two inhibited loca-
tions were restricted to an imaginary line orthogonal to the
saccade direction. However, while performing a visual
search task, locations that have to be inhibited would not
necessarily be restricted in such a way. How is saccade tra-
jectory aﬀected by inhibition to two locations when these
stimuli are not on an imaginary line orthogonal to the sac-
cade direction? One hypothesis is that the inhibitions are
balanced with each other and then aﬀect the initial saccade
direction (McSorley et al., 2004). This hypothesis predicts
that saccade trajectory would be almost straight or have
a single-peak even when the stimuli are not on an imagi-
nary line orthogonal to the saccade direction. In contrast,
another possible hypothesis is that distractors near the sac-
cade start point might aﬀect the beginning part of the tra-
jectory, and distractors near the saccade endpoint might
aﬀect the last part of the trajectory, respectively. This
hypothesis predicts, as does the model of McSorley et al.
(2004), an almost straight saccade trajectory when two
stimuli are on an imaginary line orthogonal to the saccade
direction and the distances between the saccade trajectory
and each inhibited locations are not much diﬀerent. How-
ever, when two stimuli are not on an imaginary line orthog-
onal to the saccade direction, this hypothesis predicts an
‘‘S’’ shaped saccade trajectory. To examine these predic-
tions, in this study we measured the trajectory of a vertical
saccade when inhibited stimuli at the left and right side of
the trajectory were placed at various vertical locations.2. Methods2.1. Participants
Three male adults (33–34 years old), NE, HS, and YT, participated in
the experiment. HS and YT are the authors of the present paper. NE was
naı¨ve to the purpose of the experiment. HS and YT wore eyeglasses to cor-
rect visual acuity, while NE had normal visual acuity. None showed any
oculomotor pathology.
2.2. Apparatus
The experiment was controlled by a PC/AT compatible machine. A 17-
in. cathode-ray tube (CRT) monitor was used for stimulus presentation.
The CRT’s spatial resolution was 1024 · 768 pixels at a frame rate of
60 Hz. The participant sat on a chair with the head stabilized by a headrest
and a chin rest. The CRT was placed in front of the participant at a dis-
tance of 57 cm. The background of the screen was a uniform gray color
throughout an experimental block. An Eyelink II eye tracker (SR
Research Ltd.) was used for recording eye movements. The sampling rate
of the eye tracker was 250 Hz. The Psychophysics toolbox (Brainard,
1997; Pelli, 1997) and the Eyelink toolbox (Cornelissen, Peters, & Palmer,
2002) were used for stimulus presentation and controlling the eye tracker.
The keyboard connected to the PC was located in front of the participant.
2.3. Stimulus and procedure
The eye tracker was calibrated and the data validated at the beginning
of each experimental block, using the Calibration/Validation procedures
built in Eyelink II. At the beginning of each trial, the drift correction of
Eyelink II was performed. During the drift correction, a small circle
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Fig. 2. Correcting biases in the observed trajectories. (a) The method for
resampling saccade trajectories. Trajectories were resampled at the
interval of 0.5 deg eccentricities. ri and ui represent eccentricity and the
angle of the ith resampled point, respectively. The maximum of i depended
on the saccade length. (b) Example of original trajectories. (c) The average
trajectory calculated from trajectories shown in (b). (d) Corrected
trajectories calculated by subtracting the average trajectory (c) from each
original trajectory (b). Notice that the corrected trajectories (d) were used
only to show averaged trajectories for each cue location (Fig. 3). The
original trajectories (b) were used in the other analyses.
H. Sogo, Y. Takeda / Vision Research 47 (2007) 1537–1549 1539(0.5 deg in diameter) was presented at the center of the screen. The partic-
ipant ﬁxated on the circle and pressed the space key. Eyelink II corrected
for head movement during an experimental block with the eye position
data when the key was pressed. Immediately after the drift correction,
stimuli were presented on the screen (see left panel of Fig. 1). The initial
ﬁxation point (0.25 · 0.25 deg white-ﬁlled circle) was at the center of the
screen, and the saccade target (0.25 · 0.25 deg white-ﬁlled circle) was at
11.2 deg upward from the initial ﬁxation point. Two vertical arrays of ﬁve
outline circles (1.0 deg in diameter, drawn by white lines) were presented
symmetrically with respect to the line through the initial ﬁxation point
and saccade target (see Fig. 1). These outline circles were placeholders
for the cue stimulus. One second after the onset of these stimuli, a cue
stimulus was presented. The cue stimulus consisted of one or two disks
(1.0 deg circles ﬁlled with green or red). We refer the cue stimulus with
one and two disks as ‘‘Single-Cue’’ and ‘‘Double-Cue’’, respectively. In
the Single-Cue trials, the disk was presented at one of the ten placeholders.
In the Double-Cue trials, one of the disks was presented at one of the left-
side placeholders and the other was at one of the right-side placeholders.
The participant was asked to make an upward saccade to the target if the
cue did not include a red disk (GO condition). On the other hand, if the
cue included a red disk, the participant should maintain ﬁxation (NOGO
condition). If the trial was Double-Cue, at least one disk was green. 1.5 s
after the cue onset, the screen was cleared and the drift correction for the
next trial started. Fifty trials were successively performed as a single block.
Thirty trials were the Double-Cue/GO condition; 10 trials were the Single-
Cue/GO condition; 7 or 8 trials were the Double-Cue/NOGO condition;
and other trials were the Single-Cue/NOGO condition. Four blocks were
performed in a single session, and each participant completed 8 sessions in
3 or 4 days.
2.4. Data analysis
For detection of the beginning and the end of a saccade, the data par-
ser built in Eyelink II was used. Velocity and acceleration thresholds for
detecting saccades were set to 22 deg/s and 4000 deg/s2, respectively. We
collected the ﬁrst saccade toward the target in each GO trial, deﬁned as
follows. First, the saccade onset time was 100 ms or later than the cue
onset time. Second, the start point of the saccade was within the radius
of 1.5 deg from the initial ﬁxation point. Finally, the saccade length was
within the range of 7.4–14.8 deg. If no saccade executed in the trial satis-
ﬁed these criteria, we discarded the data of the trial.
For analyses of the shape of saccade trajectories, we resampled the tra-
jectory data using the following procedure based on Quaia, Pare´, Wurtz,
and Optican (2000). First, we translated the saccade trajectories so that the
saccade start points were at the origin of Cartesian coordinates, and we
converted the trajectories from Cartesian to polar coordinates. Then, we
resampled each trajectory at the interval of 0.5 deg eccentricities and cal-
culated the angle for these resampled points (Fig. 2a). For simplicity, weFix
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Lx: no left-side cue
Rx: no right-side cue
Fig. 1. Left panel: Conﬁguration of the stimuli. The background was gray
and the stimuli were drawn in white in the actual display. The cues (green
or red disks, not shown in the ﬁgure) were presented in one or two of the
circles. Participants made a vertical saccade from Fix to Trg if the cue did
not include a red disk. Right panel: Abbreviations for cue locations.refer to the eccentricities and angles of the resampled points as ri and ui
(i = 1, 2,. . .). The maximum of i depended on the saccade length. Linear
interpolation was used for this resampling.3. Results
3.1. Saccade samples
We obtained 1254, 1161, and 1216 samples of saccades
for YT, HS, and NE, respectively [314 (98%), 281 (88%),
and 296 (93%) for the Single-Cue/GO condition, and 940
(98%), 880 (92%), and 920 (96%) for the Double-Cue/GO
condition]. Table 1 shows the lengths and latencies of the
obtained saccades. The mean saccade length was almost
equal between the Single-Cue/GO and Double-Cue/GO
conditions. The mean saccade latency in the Single-Cue/
GO condition was approximately 20  30 ms shorter than
in the Double-Cue/GO condition. The ratios of false
responses in the Single-Cue/NOGO condition were 2.6%,
5.6%, and 4.4% for YT, HS, and NE, respectively. In the
Double-Cue/NOGO condition, the false response ratios
were 3.3%, 15.9%, and 15.2% for YT, HS, and NE,
respectively.3.2. Evaluation of trajectory shapes
We inspected the trajectory data and found that the sac-
cade trajectories were biased toward the left or right depend-
ing on the individual participant. This bias could be
measurement errors due to imperfect calibration or use of
Table 1
Saccade length and latency in the Single-Cue and Double-Cue/ON conditions
Participant Saccade length Latency
Single-Cue/GO Double-Cue/GO Single-Cue/GO Double-Cue/GO
YT 11.3 (0.99) 11.2 (1.01) 290.2 (40.0) 270.0 (35.8)
HS 10.3 (1.10) 10.3 (1.19) 281.5 (55.7) 257.6 (72.1)
NE 10.8 (1.35) 10.7 (1.34) 269.7 (70.5) 240.8 (56.8)
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dimensional eye movements (cf. Quaia et al., 2000). We cor-
rected this bias by calculating an average trajectory of sac-
cades collapsed across all cue locations and subtracting the
average trajectory from each saccade trajectory (Quaia
et al., 2000). This method is illustrated in Fig. 2b–d. Suppose
wehad trajectorydata fromﬁve saccades as shown inFig. 2b.
The averaged trajectory of all saccades was calculated by
(ri,uiÞ, where ui was the average of ui for all saccades (see
Fig. 2a for deﬁnition of ri and ui). Fig. 2c shows the average
trajectory. Then, we subtracted the average trajectory from
each trajectory to obtain ‘‘corrected’’ saccade trajectories.
This subtraction was deﬁned as (ri; ui  ui). Fig. 2d shows
‘‘corrected’’ saccade trajectories.
Fig. 3 shows the average of the corrected saccade trajec-
tories separately calculated for each cue location in the GO
trials of the Single-Cue and Double-Cue conditions. The
data for YT is shown as an example. The columns and
rows correspond to the left-side and right-side cue loca-
tions, respectively. Labels at the top and left of these plots
represent the cue locations. See the right panel of Fig. 1 for
the correspondence between labels and cue locations. Solid
and dash-dotted thin curves are the averaged trajectories
when the cue was presented only on the left-side and
right-side in the Single-Cue condition, respectively. Solid
thick curves are the averaged trajectories in the Double-
Cue condition. Averaged trajectories in the Single-Cue con-
dition are plotted with those in the Double-Cue condition
for ease of comparison.
In the single cue condition, the averaged trajectories
curved to the right, and the endpoint of the trajectories
shifted to the right, when the cue was presented at the left
side (left-end column). The reverse was true when the cue
was presented at the right side (top row). These tendencies
were consistent with previous reports that the saccade tra-
jectory curved away from a non-target stimulus (Doyle &
Walker, 2001, 2002; Godijn & Theeuwes, 2004; McSorley
et al., 2004; Sheliga et al., 1997, 1994, 1995; Sogo & Take-
da, 2006). Importantly, the amount of the curvature and
the shift of the endpoints seemed to depend on the cue
height (i.e., vertical location of the cue).
In the Double-Cue condition, the averaged trajectories
were not ‘‘S’’ shaped but single-peaked, similar to those
in the Single-Cue condition. To examine statistically
whether each trajectory was ‘‘S’’ shaped or not, we trans-
lated, rotated and scaled the trajectory so that the saccade
start point and endpoint came to (0,0) and (0,1) in Carte-
sian coordinates, respectively. Then, we ﬁtted the trajectoryto y = w1sinpx + w2sin2px. w1 and w2 were the parameters
to be estimated. The left end panel of Fig. 4 shows samples
of the ﬁtting function. If the trajectory was single-peaked,
the estimated w2 should be nearly zero. The other panels
in Fig. 4 shows scatter plots of (w1,w2) estimated from
the trajectories. The rows and columns correspond to con-
ditions (Single-Cue or Double-Cue) and participants,
respectively. Each dot corresponds to one trajectory. Stan-
dard deviations of w1 and w2 are shown at the bottom right
corner of each plot. The data are distributed along w2 = 0,
suggesting that most of the saccade trajectory was not ‘‘S’’
shaped but a single-peaked curve or almost straight. In
addition, the standard deviations of w1 and w2 in the Dou-
ble-Cue condition were approximately equal to those in the
Single-Cue condition. This indicates that the frequency of
‘‘S’’ shaped trajectories in the Double-Cue condition was
not larger than in the Single-Cue condition.
As shown in Fig. 3, the curvature of the trajectories in
the Double-Cue condition was smaller compared to the
Single-Cue condition. One possible explanation for this
result is that the approximately straight trajectories
observed in the Double-Cue condition were due to the lin-
ear summation of the eﬀects from the left-side and right-
side stimuli, which is assumed in Sogo and Takeda
(2006). To examine this account, we used the indices of
dX, dY, and MD (Fig. 5). dX and dY are the horizontal
and vertical distance from the saccade start point to the
endpoint, respectively. MD is the maximum of the distance
between the saccade trajectory and the line connecting the
saccade start and endpoint. To explore the eﬀect of cue
locations, we subjected these indices to a two-way analysis
of variance (ANOVA) with left-side cue (Lx, L1, L2, L3,
L4, and L5) and right-side cue (Rx, R1, R2, R3, R4, and
R5) as the main terms. Table 2 summarizes the results of
the ANOVA. For all indices (i.e., dX, dY, and MD), both
the eﬀect of the left-side and right-side cue location were
signiﬁcant. More importantly, the interactions between
left-side and right-side cues were not signiﬁcant. These
results support the account that the saccade trajectories
and endpoints in the Double-Cue condition resulted from
the linear summation of the eﬀects of each cue.
Although the results of the ANOVA (Table 2) are consis-
tent with the linear summation hypothesis, there is an alter-
native explanation for these results. One of the two cues may
selectively aﬀect the saccade trajectories in the Double-Cue
condition. For example, assume that the saccade trajectories
were aﬀected only by the left-side stimulus in half of theDou-
ble-Cue trials, which yields a strong curvature of saccades to
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Fig. 3. Averaged saccade trajectories in the Single-Cue and Double-Cue conditions (for participant YT). Thick curves are the averaged trajectories in the
Double-Cue condition, and solid and dash-dotted thin curves are the corresponding averaged trajectories in the Single-Cue condition.
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that the saccade trajectories were aﬀected only by the right-
side stimulus in the remaining trials, which yields the
opposite eﬀect. In this case, the averaged trajectories in the
Double-Cue condition would result in an approximately
straight line similar to the prediction from the linear summa-
tion hypothesis. If this explanation is correct, the standard
deviations (SD) of dX, MD, and dY in the Double-Cue con-
dition should be larger than in the Single-Cue condition. To
examine this possible explanation, we plotted the SDs of dX,
MD, and dY in theDouble-Cue condition against those SDs
in the Single-Cue condition (Fig. 6). For simplicity, the SDs
in the Single-Cue condition are represented by the average of
the SDs for the corresponding left-side and right-side cue
locations. For example, the SDs when the cues were pre-
sented at L3 andR4 in theDouble-Cue condition are plotted
against the average of the SDs for L3 andR4measured in the
Single-Cue condition. These plots indicate that the SDs in
the Double-Cue condition were not larger than those SDsin the Single-Cue condition. To conﬁrm this observation,
we pooled the data for the three subjects and performed
paired t-tests. The results show that the SDs in the Double-
Cue condition were signiﬁcantly smaller than those in the
Single-Cue condition for dX [t(74) = 3.28, p < .01] and
MD [t(74) = 4.17; p < .01]. There was no signiﬁcant diﬀer-
ence for dY [t(74) = 0.63, nss]. These results do not support
a hypothesis that only one of two cues selectively aﬀected the
saccade trajectory in the Double-Cue condition.
Finally, we estimated the eﬀect of cue locations ondX, dY,
andMD. A simple way is to calculate the average of dX, dY,
and MD for each cue location (e.g., calculating the average
of L3–Rx, L3–R1, L3–R2, L3–R3, L3–R4, and L3–R5 for
the L3 eﬀect). However, this method may underestimate
the eﬀect because the eﬀects of the left-side and right-side
cues would counterbalance each other in the Double-Cue
condition. To prevent this problem, we used a multiple
regression with dummy variables. The regression models
were expressed by the following equations:
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Fig. 5. Deﬁnition of dX, MD, and dY. MD is the maximum distance
between the saccade trajectory and the dashed line.
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X
l2L
wxlul þ CX
dY ¼
X
l2L
wylul þ CY
MD ¼
X
l2L
wdlul þ CD
ð1ÞTable 2
Summary of two-way ANOVA (left-side · right-side cue location) for dX, dY
Participant Eﬀect dX
YT Left-side cue F(4,1219) = 8.18**
Right-side cue F(4,1219) = 3.18*
Interaction F(24,1219) = 0.52
HS Left-side cue F(4,1126) = 15.81**
Right-side cue F(4,1126) = 5.63**
Interaction F(24,1126) = 6.00
NE Left-side cue F(4,1181) = 20.35**
Right-side cue F(4,1181) = 30.66**
Interaction F(24,1181) = 0.37
* p < .05.
** p < .01.L is a set of possible cue locations (i.e., L1,L2 . . .L5,
R1,R2 . . .R5). Dummy variables were ul, whose values
were 1 if the cue was presented at a corresponding location;
otherwise zero. For example, uL1 = 1 if the cue was pre-
sented at L1. wxl, wyl, wdl, CX, CY, and CD were the param-
eters to be estimated. In these Eq. (1), we did not consider
interactions between the eﬀects of the left-side and right-
side cues because we did not ﬁnd any signiﬁcant interac-
tions in the ANOVA (Table 2).
The results of the multiple regression analyses are sum-
marized in Fig. 7 and Table 3. The ANOVAs for the
regression showed that all of the regression models were
signiﬁcant (p < .01), although the R2 values were low
(0.06–0.32) and 68–94% of the variance could not be
explained by the models. A possible reason for the low val-
ues of R2 is that the variation of saccade trajectories is due
to factors irrelevant to spatial inhibition. We will discuss
this in the Discussion section. The top row of Fig. 7 shows, and MD
dY MD
F(4,1219) = 5.43** F(4,1219) = 8.98**
F(4,1219) = 5.69** F(4,1219) = 4.56**
F(24,1219) = 0.74 F(24,1219) = 1.02
F(4,1126) = 6.62** F(4,1126) = 3.56**
F(4,1126) = 7.76** F(4,1126) = 7.76**
F(24,1126) = 0.86 F(24,1126) = 0.76
F(4,1181) = 10.07** F(4,1181) = 25.91**
F(4,1181) = 21.19** F(4,1181) = 126.05**
F(24,1181) = 0.79 F(24,1181) = 1.42
0.4 0.6 0.8 1 1.2 1.4 1.6
0.4
0.6
0.8
1
1.2
1.4
1.6
SD
 in
 th
e 
Do
ub
le
-C
ue
co
n
di
tio
n(d
eg
)
SD in the Single-Cue condition (deg)
dX
YT HS NE
0.1 0.2 0.3 0.4 0.5 0.6
0.1
0.2
0.3
0.4
0.5
0.6
MD
0.6 0.8 1 1.2 1.4 1.6 1.8 2
0.6
0.8
1
1.2
1.4
1.6
1.8
2
dY
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Table 3
Summary of multiple regression analysis for dX, dY, and MD
Participant Variable R2 F value
YT dX 0.06 F(1,1243) = 8.06**
dY 0.05 F(1,1243) = 5.84**
MD 0.24 F(1,1243) = 39.01**
HS dX 0.07 F(1,1150) = 8.48**
dY 0.06 F(1,1150) = 6.71**
MD 0.08 F(1,1150) = 10.31**
NE dX 0.15 F(1,1205) = 21.63**
dY 0.10 F(1,1205) = 13.65**
MD 0.32 F(1,1205) = 56.60**
** p < .01.
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regression analysis. Long black arrows represent (CX,CY),
and colored small arrows represent (wxl, wyl). (CX,CY) can
be interpreted as biases in the observed trajectories, corre-
sponding to the averaged trajectory of all saccade samples
(Fig. 2). Solid black arrows represent that wxl and/or wyl
were signiﬁcant (p < .05). Small characters beside these
arrows indicate the signiﬁcant component(s). Gray arrows
represent neither wxl nor wyl was signiﬁcant. Inspection of
the vector plots showed great individual diﬀerences in the
cue location eﬀect, especially for higher cue locations
(L4  5 and R4  5). We could not identify a general pat-
tern for the cue location eﬀects on the saccade end points.L1
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regression analyses. For participants YT and HS, wdl were
positive for the left-side cues and negative for the right-side
cues; the trajectory curved away from the cued side. This
indicates that the saccade trajectories curved away from
the cue locations, which also has been reported in other
studies (Doyle & Walker, 2001, 2002; Godijn & Theeuwes,
2004; McSorley et al., 2004; Sheliga et al., 1997, 1994, 1995;
Sogo & Takeda, 2006). Participant NE showed similar
eﬀects for wdl when the cue was presented at lower loca-
tions; however, when the cue was presented at higher loca-
tions, the relationship between wdl and the cue side was
reversed. This means that the saccade trajectory curved
toward the cue location when the cue was presented near
the saccade target (L4  5 and R4  5). Interestingly, par-
ticipant NE also showed a distinctive eﬀect in the shift of
the saccade endpoint; the direction of (wxl,wyl) tended to
be downward and toward the cue side when the cue was
presented near the saccade target. A similar eﬀect of cue
locations on saccade trajectory was reported by Van der
Stigchel and his colleagues (Van der Stigchel, Meeter, &
Theeuwes, 2007; Van der Stigchel & Theeuwes, 2005). They
examined the eﬀect of location of an onset distractor on
saccade trajectory. Their results showed that the saccade
trajectory curved away from the distractor when the dis-
tractor was presented near the initial ﬁxation, while the sac-
cade trajectory curved toward the distractor when the
distractor was presented near the saccade target (Van der
Stigchel & Theeuwes, 2005). In another study, they found
a positive correlation between the overall saccade direction
(direction of the initial ﬁxation-saccade endpoint line with
respect to the initial ﬁxation-saccade target line) and the
initial saccade direction (Van der Stigchel et al., 2007).
We consider that the results for NE were consistent with
the results of Van der Stigchel and his colleagues.
In summary, the eﬀect of a single cue on saccade trajec-
tory observed in the present study is consistent with previ-
ous studies, namely that most trajectories curved away
from cued locations. When two cues were simultaneously
presented, the total eﬀect of these cues on the saccade tra-
jectory was a summation of the eﬀect of each cue.
3.3. Simulating curved saccade trajectories with the initial
interference model
The results in this study showed that saccade trajectories
were not ‘‘S’’ shaped but were single-peaked, even in the
Double-Cue condition. This ﬁnding seems consistent with
a model that assumes that the initial saccade direction
would be modulated by spatial inhibition so that the initial
saccade direction would be diﬀerent from the ﬁnal saccade
direction (McSorley et al., 2004; Tipper, Howard, & Jack-
son, 1997; Tipper, Howard, & Paul, 2001). This diﬀerence
would be corrected during saccade execution by the feed-
back controller of saccade trajectory (Robinson, 1975),
resulting in a curved trajectory. In this paper, we refer to
this model as the ‘‘initial interference’’ model. In the fol-lowing analysis, we examine whether we could simulate
the saccade trajectories recorded in the present experiment
by using the initial interference model.
Fig. 8a shows the model that we used to simulate curved
trajectories. For simplicity, we refer to this model as the
initial interference model. In this model, we hypothesize
that an ‘‘initial interference’’ signal is added to the saccade
command at the beginning of saccade execution. The initial
interference ceases during the saccade. and the trajectory
turns to the location indicated by the saccade command
inﬂuenced by the feedback mechanism. We refer to the
endpoint of the trajectory relative to the start point as
(XE,YE) and the initial interference as (XI,YI). (X,Y) repre-
sents the actual eye position. (XE,YE) and (XI,YI) are the
inputs and (X,Y) is the output of the model. The input sig-
nals are supplied to a two-dimensional feedback controller
to generate a saccade. The 2D feedback controller in this
model is based on Becker and Jurgens (1990). We referred
to Grossman and Robinson (1988) for pulse generators
(PGX and PGY) and time constants for eye plant. The Trig-
ger/Latch signal turns the output of the pulse generators on
and oﬀ. The parameters c, Te1 and Te2 were set to 0.05
(based on Becker & Jurgens, 1990), 0.15 and 0.012 (based
on Grossman & Robinson, 1988), respectively. The output
of the pulse generator used by Grossman and Robinson
(1988) was approximated by 625 · atan(0.1292u), where u
is the input and atan(x) is the arch tangent of x. In our
model, the feedback signal is taken from the position inte-
grator (i.e., the ‘‘1/s’’ blocks in Fig. 8a); however, previous
studies have suggested that the output of the pulse genera-
tor is fed back through an independent integrator called a
‘‘resettable integrator’’ (e.g., Ju¨rgens, Becker, & Kornhu-
ber, 1981; Scudder, 1988). We did not simulate the reset-
table integrator in our model for simplicity of the model.
If we suppose that the saccade starts from (0,0) and that
the response characteristics of the position integrator and
the resettable integrator are not very diﬀerent, then the tra-
jectories generated by our model and a model with the
resettable integrator would be approximately equal.
Fig. 8b shows the time course of (XE, YE) and (XI,YI).
(XE,YE) is supplied constantly, while (XI,YI) ceases tI ms
after the trigger signal is applied. We assume that the pulse
generators are turned oﬀ by the Trigger/Latch signal when
(X,Y) reaches (XE,YE). Although (XE,YE) are unknown
variables, they should be close to the endpoint of the sac-
cade trajectory. Therefore, we simply substituted the end-
point of the observed trajectory data for (XE,YE). As a
result, (XI,YI) and tI were the parameters to be estimated
in our simulation.
We used Matlab/Simulink (Mathworks, Inc.) to simu-
late the model. The Optimization toolbox for Matlab was
used to ﬁnd (XI,YI) and tI that generated the trajectory ﬁt-
ting best to the data of the Single-Cue and Double-Cue
conditions. The lower and upper bounds of estimation of
XI and YI were set to 10 and 10 deg because the estima-
tion rarely diverged without any restriction on the range
of (XI,YI). For the same reason, the estimation of tI was
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Fig. 8. Simulation of trajectories. (a) The model of saccade generation used to estimate initial interference. (XE,YE) and (XI,YI) are the ﬁnal displacement
of eye position and the initial interference. (X,Y) is the actual eye position. PGX and PGY: horizontal and vertical pulse generator. Te1 and Te2: time
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Left plot shows a ﬁtting trajectory with MAE = 0.25 deg, which is 80–87% point of the MAE. The center and right plots show a ﬁtting trajectory with
MAE = 0.69 and 0.57 deg, which are near the 95% point of the MAE.
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ﬁrst resampled the data and model-generated trajectory
using polar coordinates in the way described in Section 2,
and then converted the resampled trajectories into Carte-
sian coordinates. Finally, we calculated the mean absolute
error (MAE) between the data and model-generated
trajectory.
Fig. 8c shows the distribution of the MAEs of the best-
ﬁt trajectory for each data set. The median of the MAE was
0.09, 0.11, and 0.09 deg for YT, HS, and NE, respectively.
The 95% point of the MAE was 0.42, 0.69, and 0.57 deg for
YT, HS, and NE, respectively. Fig. 8d shows examples of
the data and model-generated trajectory. The left panel
of Fig. 8d shows an example of MAE = 0.25 deg, which
corresponds approximately to the 86%, 80%, and 87%
point of the MAE for YT, HS, and NE, respectively. The
center and right panels of Fig. 8d show examples in which
the MAE was around the 95% point. Overall, the initial
interference model could ﬁt the majority of the data.
To examine the eﬀect of cue locations on (XI,YI) and tl,
we performed a two-way ANOVA (left-side · right-side
cue location), in a similar way to the ANOVAs for dX,dY, and MD. The results of the ANOVA are summarized
in Table 4. No signiﬁcant interaction of the eﬀects of the
left-side and right-side cue was observed, suggesting that
it is not necessary to consider interactions of the eﬀects
of the left-side and right-side cue in the following analysis.
Next, we performed a multiple regression analysis with
dummy variables. The regression models are expressed by
X I ¼
X
l2L
wxlul þ CX
Y I ¼
X
l2L
wylul þ CY
tI ¼
X
l2L
wtlul þ Ct
ð2Þ
where L and ul are the same as those in Eq. (1). Note that
interactions of the eﬀects of the left-side and right-side cue
are not considered. wxl, wyl, wtl, Cx, Cy, and Ct are the
parameters to be estimated. Table 5 shows the results of
the ANOVA for the regression. The regression for XI
was signiﬁcant for all participants, while the regression
for YI was signiﬁcant only for NE. The regression for tI
was not signiﬁcant for HS. The top row of Fig. 9 shows
Table 4
Summary of two-way ANOVA (left-side · right-side cue location) for XI, YI, and tI
Participant Eﬀect XI YI tI
YT Left-side cue F(4,1040) = 6.40** F(4,1040) = 1.47 F(4,1040) = 2.39*
Right-side cue F(4,1040) = 5.20** F(4,1040) = 0.70 F(4,1040) = 1.77
Interaction F(24,1040) = 1.33 F(24,1040) = 0.14 F(24,1040) = 0.48
HS Left-side cue F(4,945) = 3.62** F(4,945) = 2.03 F(4,945) = 2.89*
Right-side cue F(4,945) = 1.92 F(4,945) = 1.30 F(4,945) = 1.35
Interaction F(24,945) = 0.83 F(24,945) = 0.56 F(24,945) = 1.16
NE Left-side cue F(4,1041) = 16.27** F(4,1041) = 1.73 F(4,1041) = 0.46
Right-side cue F(4,1041) = 64.34** F(4,1041) = 2.39* F(4,1041) = 1.64
Interaction F(24,1041) = 1.09 F(24,1041) = 0.72 F(24,1041) = 0.40
* p < .05.
** p < .01.
Table 5
Summary of multiple regression analysis for XI, YI, and tI
Participant Variable R2 F value
YT XI 0.22 F(1,11243) = 36.07
**
YI 0.01 F(1,1243) = 1.60
tI 0.03 F(1,1243) = 3.94
**
HS XI 0.07 F(1,1150) = 8.17
**
YI 0.01 F(1,1150) = 1.44
tI 0.01 F(1,1150) = 0.99
NE XI 0.22 F(1,1205) = 33.47
**
YI 0.03 F(1,1205) = 3.96
**
tI 0.02 F(1,1205) = 2.28
*
* p < .05.
** p < .01.
1546 H. Sogo, Y. Takeda / Vision Research 47 (2007) 1537–1549vector plots of estimated (wxl,wyl). Note that the vector
plots in Fig. 9 illustrate the eﬀects on the initial interfer-
ence, whereas those in Fig. 7 illustrate the eﬀects on the sac-L1
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represents (Cx,Cy), corresponding to biases in the observed
trajectories. (wxl,wyl) is oriented toward the direction
opposite to the cue side, although this pattern was reversed
in NE when the cue was presented at higher locations (L4–
L5,R4–R5). This individual diﬀerence in the eﬀect of cue
locations is similar to that found for MD (see Fig. 7 bot-
tom row). The bottom row of Fig. 9 shows tI (the duration
of interference) estimated by the regression model. The
averages of the estimated tI were 12.4, 15.6, and 13.9 ms
for YT, HS, and NE, respectively. Although presenting
the cue on the left-side caused a longer tI, the cue height
did not aﬀect tI for YT, and the dependency of tI on the
cue side was not observed in HS and NE. No eﬀect of
cue location on tI was consistently observed across
participants.
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The initial interference vectors in the Double-Cue condi-
tion could be approximated by the linear summation of
the initial interference vectors from each cue. The initial
interference vectors were oriented toward the direction
opposite to the cue side. We did not ﬁnd a systematic
dependency of the duration of interference on cue location
consistent across participants.
4. Discussion
In the present study, we examined the trajectory of a
vertical saccade when inhibiting stimuli at the left and right
side of the trajectory were placed at various vertical loca-
tions. The results showed that saccade trajectories in the
Double-Cue condition were not ‘‘S’’ shaped but single-
peaked even when the stimuli were presented at diﬀerent
vertical locations. The eﬀect of presenting two cues on sac-
cade trajectory could be approximated by the linear sum-
mation of the eﬀects of separately presenting each cue. A
simulation study showed that the initial interference model
could ﬁt the majority of saccade trajectories observed in
our experiment. In the following sections, we discuss the
variations of the observed saccade trajectory. Then we
compare the present results with previous studies to discuss
the implications of the present results. Finally, we discuss
limitations of the initial interference model and problems
that should be examined in future investigations.
4.1. Variation of the observed saccade trajectories
In the present study, based on the results of the ANO-
VAs (see Table 2), we have asserted that the eﬀect on the
saccade trajectory of presenting two cues is the linear sum-
mation of the eﬀects of presenting each of the cues. How-
ever, the ANOVAs for the multiple regression analyses
(see Table 3) showed that the R2 values in the regression
analyses were 0.06–0.32, indicating that only 6–32% of
the observed variance could be explained by the regression
models. One possible reason for the low performance of the
regression models could be the great variation in the initial
direction and endpoint of saccades, which occurs even
when we simply make a saccade to a visible target (cf.
Erkelens & Sloot, 1995; Quaia et al., 2000). The source
of this variation could be uncertainty in the saccade control
system, and possibly irrelevant to the eﬀect of the cue
presentation that we have examined in this study. Accord-
ing to Erkelens and Sloot (1995), the standard deviations
(SDs) of the initial direction and the direction of the end-
point of upward saccades of approximately 30 deg were
about 5.1 and 2.0 deg, respectively. Supposing that the
SD of the endpoint directions were independent of saccade
length, 2.0 deg of the SD in the endpoint direction would
correspond to 0.4 deg of the SD for the horizontal end-
point in the present experiment. This value is equal to
29–98% of the SD of the horizontal endpoint (dX)
observed in present experiment (see Fig. 6). Although itis impossible to estimate the SD of dY and MD from the
results of Erkelens and Sloot (1995), it is likely that dY
and MD were also aﬀected by this uncertainty in the sac-
cade control system. Considering these points, we conclude
that the performance of the regression models was low
because the eﬀect of cue presentation on saccade trajectory
was small relative to the variation in saccade trajectory
produced by other factors.
4.2. Comparison with previous studies
The present results showed that the trajectories of
upward saccades were not ‘‘S’’ shaped even when one of
two bilateral stimuli appeared near the saccade start point
and the other appeared near the saccade endpoint. This
result suggests that spatial inhibition modulated not just
a part of the saccade trajectory near the inhibited location
but the whole of the saccade trajectory. The initial interfer-
ence model (McSorley et al., 2004; Tipper et al., 1997,
2001) is one plausible model that corresponds to the exper-
imental results. In addition, the present results show that
the eﬀect of inhibiting two locations could be approxi-
mated by the linear summation of the eﬀects from each
inhibition. This ﬁnding is consistent with the interpretation
of McSorley et al. (2004) that the eﬀects of bilateral spatial
inhibitions would counterbalance each other to produce an
almost straight saccade trajectory. Thus, we conclude that
the present results support the initial interference model.
A major inconsistency is that a dependency of the sac-
cade endpoints on the locations of spatial inhibition was
observed for participant NE in the present study results,
but not in the experiment in McSorley et al. (2004).
Although this dependency was not evident for the other
two participants, we think that this issue merits discussion
because other recent studies reported similar results (Van
der Stigchel & Theeuwes, 2005; Van der Stigchel et al.,
2007). We speculate that the shift of the saccade endpoint
may depend on the saccade latency. Findlay (1982)
reported that the saccade endpoint was attracted to the
cue location when the cue was presented near the saccade
goal (global eﬀect). This global eﬀect is stronger when the
saccade latency is shorter (Findlay, 1982). In addition,
McSorley and his colleagues demonstrated that saccades
with a short latency tended to curve toward an onset dis-
tractor, while saccades with a long latency tended to curve
away from an onset distractor (McSorley, Haggard, &
Walker, 2006). The average saccade latency was 210 ms
in Van der Stigchel et al. (2007), where the saccade end-
point shifted in a way similar to the global eﬀect. In con-
trast, the average saccade latency was 270–310 ms in
Experiment 2 of McSorley et al. (2004), where no signiﬁ-
cant shift of the saccade endpoint was observed. The aver-
age saccade latencies for each participant in the present
study were between the average latencies in those other
studies. The average saccade latency for NE, who showed
a shift of the saccade endpoint similar to the global eﬀect,
was shorter than for the other participants (see Table 1).
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shift of the saccade endpoint may be explained by the glo-
bal eﬀect and the saccade latency diﬀerences. In addition to
the global eﬀect, it is possible that attentional processes for
cues contributed to the shifts of saccade endpoints. The
cues were presented as a GO/NOGO signal in this study,
while the cues were completely task-irrelevant in McSorley
et al. (2004). In the case of this study, participants had to
attend and check whether the cues were green or red before
the saccade execution. Such attentional processes might
strengthen the eﬀect of spatial inhibition on the shifting
saccade endpoints.
Another issue of interest is the quantitative relationship
between the cued location and the eﬀect of inhibition on
shape of saccade trajectories. The saccade trajectories were
strongly aﬀected by whether the inhibition was located at
the left or right side of the trajectory, but spatial variation
of inhibited locations within the side caused only slight
changes in saccade trajectory (McSorley et al., 2004;McSor-
ley, Haggard, & Walker, 2005; Sogo & Takeda, 2006). Sim-
ilar to these studies, a signiﬁcant but weak dependency of the
inhibitory eﬀect on the cue heightwas observed in the present
study (Tables 2 and 4, Figs. 7 and 9). This consistency sug-
gests that the eﬀect of inhibition on saccade trajectory is
coarsely coded. In the present experiment, there were consid-
erable individual diﬀerences in the inhibitory eﬀects of the
cue height (Figs. 7 and 9). Such individual diﬀerences have
also been reported in the previous studies (McSorley et al.,
2005; Sogo & Takeda, 2006). Although the reason for the
individual diﬀerences is unclear, McSorley et al. (2005) spec-
ulated that this may originate in cognitive/attentional fac-
tors or reﬂect the eﬀects of diﬀerent strategies. Further
studies are necessary to specify the factors inﬂuencing the
individual diﬀerences.
4.3. Limitations of the initial interference model
We simulated saccade trajectories using the initial
interference model to estimate the internal signals that
generate the curved trajectory. To build the simulation
model (Fig. 8), we referred to the models of Becker and
Jurgens (1990) and Grossman and Robinson (1988)
because their models are used in recent studies on the
neural system of saccade trajectory control (e.g., Barton,
Nelson, Gandhi, & Sparks, 2003; Walton, Sparks, &
Gandhi, 2005). We believe that the results of our simula-
tion provide important information for considering the
neural basis of the eﬀect of cue presentation on saccade
trajectory. However, we think that the initial interference
model has several limitations.
One limitation is that the initial interference model does
not address how the initial interference vector (XI,YI) is gen-
erated. According to themodel ofMcSorley et al. (2004), the
initial saccade direction and the saccade goal would be sepa-
rately controlled. In their model, the frontal eye ﬁeld (FEF)
would supply the saccade goal to the feedback controller of
the saccade (Lefevre, Quaia, & Optican, 1998; Quaia,Lefevre, & Optican, 1999; Robinson, 1975). The superior
colliculus (SC) would receive the saccade motor commands
both toward the saccade goal and the non-target stimuli,
and the FEF would inhibit the motor command toward
the non-target stimuli (Schlag-Rey, Schlag, & Dassonville,
1992). The initial saccade direction would be determined
by competitive integration of these motor commands and
inhibitory inputs in the SC (Godijn & Theeuwes, 2002,
2004; Tipper et al., 1997, 2001). Another possible interpreta-
tion is that theFEFwould supply the saccade commandonly
to the SC, and the temporal dynamics of neural activity in the
SC neurons would change dynamically during saccade exe-
cution. Walton et al. (2005) showed by simulation that a
curved saccade trajectory would be generated when two dif-
ferent sites in the SC motor map were asynchronously acti-
vated. If neural activities evoked by non-target stimuli
ceased later than the onset of the saccade, then the output
of the SC would be (XE + XI,YE + YI) at the beginning of
the saccade and change to (XE,YE) during saccade execution.
We cannot determine which interpretation is better to
explain the results of the present experiment and simulation
because the results are compatible with both of these
interpretations.
Another limitation of the initial interference model is
the assumption that the pulse generators are turned oﬀ
when the eye position (X,Y) reached the position indi-
cated by the saccade command (XE, YE). In contrast to
the initial interference model, a model of the control of
saccades proposed by Lefe`vre, Quaia and Optican (Lefe-
vre et al., 1998; Quaia et al., 1999) generated curved sac-
cade trajectories whose endpoints were not the same as
the location pointed to by the saccade command. The rea-
son for this diﬀerence is because the model of Lefe`vre
et al. simulated the neuronal activity of omnidirectional
pause neurons (OPNs), which play an essential role in
turning on and oﬀ the pulse generator (Scudder & Kane-
ko, 2002). If we had taken the neuronal activity of OPNs
into consideration in our simulation, the endpoint of a
model-generated saccade trajectory might be diﬀerent
from (XE,YE). This means that not only the initial inter-
ference (XI,YI) but also the saccade command (XE,YE)
should be estimated from the data. However, this estima-
tion is diﬃcult because (XE,YE) is interdependent with
(XI,YI) and the choice of the model for OPNs would
aﬀect the estimation of (XE,YE). This issue remains a sub-
ject for future investigation.
5. Conclusion
In the present study, we measured the trajectory of an
upward saccade when two inhibited stimuli were presented
bilaterally at various vertical locations. The results suggest
that the eﬀects of each inhibition were summed up to mod-
ulate the initial saccade direction. The eﬀect of inhibition
on saccade trajectory was coarsely coded, and the spatial
pattern of the eﬀect showed considerable individual
variation.
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